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1. Introduction 

After having played a major role in the foun- 
dation of QCD, heavy hadron spectroscopy 
has witnessed in the last years a renewal of 
interest led by the many new data coming 
from the B factories, CLEO and the Teva- 
tron and by the progress made in the the- 
oretical methods. I will summarize the for- 
mer and mostly focus on the latter. Much 
of the theoretical progress in the physics of 
heavy hadrons comes from effective field the- 
ories (EFTs) and lattice gauge theories. For 
most of these systems, they allow systematic 
treatments, which may be used to gain con- 
trol over one of the most elusive sectors of 
the Standard Model, low-energy QCD, even 
in one of its most spectacular manifestations: 
the formation of exotic bound states. 

A systematic treatment of heavy-quark 
bound states is possible because the systems 
are characterized by at least two small pa- 
rameters. One is the strong coupling con- 
stant at the heavy-quark mass scale, m, 
which is, by definition, larger than the typi- 
cal hadronic scale, Aqcd , and the other is the 
ratio Aqcd/™- Expansions in these two pa- 
rameters can be exploited in the description 
of systems made by one heavy quark, like 
hcavy-light mesons or baryons. If the expan- 
sions are made manifest at the Lagrangian 
level, the resulting EFT is known as Heavy 
Quark Effective Theory, HQET [1] (for some 
reviews see [2]). 



Systems made by two heavy quarks are 
most frequently and successfully studied as 
non-relativistic bound states [3]. They are 
characterized by another small parameter, 
the heavy-quark velocity v, which comes 
with a hierarchy of energy scales: mv, mv 2 , 
... Making explicit at the Lagrangian level 
the expansions in mv/m and mv 2 /m leads 
to an EFT known as non-relativistic QCD 
(NRQCD) [4, 5]. This EFT is similar to 
HQET, but with a different power counting. 
It also accounts for contact interactions be- 
tween quarks and antiquarks (e.g. in decay 
processes) and hence has a wider set of op- 
erators. Making explicit at the Lagrangian 
level the expansion in mv 2 /mv leads to an- 
other EFT known as potential NRQCD (pN- 
RQCD) [6] (an alternativě EFT is in [7]). 
pNRQCD is closc to a Schrodinger-like de- 
scription of the bound statě and hence as 
simple. The bulk of the interaction is carricd 
by potential- like terms, but non-potential in- 
teractions, associated with the propagation 
of low-energy degrees of frccdom, are gener- 
ally present as well. For a review on non- 
relativistic EFTs we refer to [8]. 

It is important to establish when Aqcd 
sets in, i.e. when we have to resort to non- 
perturbative methods. In the case of systems 
made by one heavy quark, Aqcd becomes 
the most relevant scale once the heavy-quark 
mass has bcen intcgratcd out: all HQET ma- 
trix elements are non-perturbative. The situ- 
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ation is more variegated in systems made by 
two heavy quarks. For low-lying resonances, 
it is reasonable, although not proved, to as- 
sume mv 2 > Aqcd- The systém is weakly 
coupled and we may rely on perturbation 
thcory, for instance, to calculate the po- 
tential. The theoretical challenge here is 
performing higher-order calculations and the 
goal is precision physics. For high-lying reso- 
nances, we assume mv ~ Aqcd- The systém 
is strongly coupled and the potential must be 
determined non-perturbatively, for instance, 
on the lattice. The theoretical challenge here 
is providing a consistent framework where to 
pcrform lattice calculations and the progress 
is measured by the advance in lattice com- 
putations. 

For what concerns systems close or above 
the open fiavor threshold, a complete and 
satisfactory understanding of the dynam- 
ics has not been achieved so far. Hence, 
the study of these systems is on a less se- 
cure ground than the study of states be- 
low threshold. Although in some cases one 
may develop an EFT owing to speciál dy- 
namical conditions (an example that we will 
discuss in the following is the X(3872) in- 
terpreted as a loosely bound D° Ď*° + 
Ď° D*° moleculc), the study of these sys- 
tems largely relies on phenomenological mod- 
els. The major theoretical challenge here is 
to interpret the new states in the charmo- 
nium region discovered at the B-factories in 
the last years (for an updated list, see the 
Quarkonium Working Group (QWG) page 
http://www.qwg.to.infn.it/). 

In the following, I will discuss from a 
theoretical perspective advances in heavy 
hadron spectroscopy in the light of the re- 
sults presented at ICHEP 2006. For charm 
and charmonium in experiments I refer to [9, 
10], for light quark spectroscopy to [11]. An 
overview on the newly discovered charmo- 
nium resonances from an experimental per- 
spective can be found in [12]. 



2. Heavy-quark masses 

The heavy-quark masses are among the fun- 
damcntal parameters of the Standard Model 
that may be extracted with precision from 
heavy-light or heavy-heavy quark systems. 
Diffcrcnt recent determinations of the c mass 
(from the J/ý, m c (m c ) = 1.24 ± 0.02 GcV 
[13], from the D, m c {m c ) = 1.21 ± 0.1 
GeV [14], from high moments sum rules, 
m c (m c ) = 1.19 ± 0.11 GcV [15], from inclu- 
sive B decays, m c (m c ) = 1.224 ± 0.06 GcV 
[16], from low moments sum rules, m c (m c ) = 
1.290 ±0.015 GeV [17]) and the b mass (from 
the T(1S), m b {m b ) = 4.19 ± 0.03 GcV [18], 
m b {m b ) = 4.346 ±0.070 GeV [19], m b (m b ) = 
4.20 ± 0.04 GcV [20], m b (m b ) = 4.24 ± 0.07 
GeV [21], from B -> X s -y, m b (m b ) = 4.22 ± 
0.09 GcV [22], from high moments sum rules, 
m b (m b ) = 4.19±0.06 GeV [23], from low mo- 
ments sum rules, m b (m b ) = 4. 18 ±0.035 GeV 
[17]) show a remarkable agreement (with the 
possible exception of [19], for a eritical dis- 
cussion we refer to [3]). 



3. Heavy-light mesons and 
baryons 

Qq and Qqq systems are characterized by the 
hierarchy of scales m 3> Aqcd, where the 
typical distance of the heavy quark from the 
light ones is of order 1/Aqcd- Theoretical 
advances in the calculation of heavy hadron 
lifetimes in the framework of HQET have 
been presented in [24]. 

In the last year, new D s j searches have 
led to the discovery of new resonances at 
BELLE, L> s ./(2700), L w 115 MeV [25], and 
at BAB AR, L> sJ (2856), r w 47 MeV [26], 
and new B s j searches to the discovery of a 
new resonance at CDF, B sl (5829) [27]. cqq 
baryons have been investigated at BABAR 
leading to the discovery of the A c (2940), Tm 
17 MeV [28, 29] and at BELLE leading to the 
discovery of the S c (2980)+, T w 43.5 MeV 
and the S c (3077)+, T w 5.2 MeV [30]. 
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4. Low-lying QQ 

Low-lying QQ states are expected to realize 
the hierarchy: m 3> mv » mu 2 > Aqcd, 
where mv is the typical scale of the inverse 
distance between the heavy quark and anti- 
quark and mv 2 the typical scale of the bind- 
ing energy. At a scale /z such that mv ^> [i ^> 
mv 2 the effcctive dcgrees of freedom are QQ 
states (in color singlct and octet configura- 
tions), low-energy gluons and light quarks. 

The lowest-lying quarkonium states are 
T]b (not yet detected), T(15), r\ Cl J/ip, B c 
and B* (not yet detected). As mentioned 
above, the T(1S) and J/ip masses may be 
used to extract the bottom and charm quark 
masses. Once the heavy-quark masses are 
known, onc may use them for the determi- 
nation of quarkonium ground-state observ- 
ables. At NNLO the B c mass was calcu- 
lated in [31] (M Bc = 6326 ± 29 MeV), [13] 
(M Bc = 6324 ± 22 MeV) and [18] (M Bc = 
6307±17 MeV). These values agree well with 
the unquenched lattice determination of [32] 
(M Bc = 6304 ± 12ÍJ 8 MeV), which shows 
that the B c mass is not very sensitive to 
non-perturbative effeets. This is confirmed 
by a recent measurement of the B c in the 
channel B c — > J/ipir by the CDF collab- 
oration at the Tevatron; they obtain with 
360 pb- 1 of data M Ba = 6285.7 ± 5.3 ± 
1.2 MeV [33], while the latest available fig- 
uře based on 1.1 fb _1 of data is M Bc = 
6276.5 ± 4.0 ± 2.7 MeV (see http://www- 
cdf.fnal.gov/physics/new/bottom/060525.ble- 
ssed-bc-mass/). 

The bottomonium (and charmonium) 
ground-state hyperfine splitting has been cal- 
culated at NLL in [34]. Combining it with 
the measured T(1S') mass, this determina- 
tion provides a quite precise prediction for 
the r] b mass: M Vb = 9421±10±g MeV, where 
the first error is an estimate of the theoret- 
ical uncertainty and the second one reflects 
the uncertainty in a s . Note that the discov- 
ery of the r\b may provide a very competitive 



source of a s at the bottom mass scale with 
a projected error at the Mz scale of about 
0.003. Similarly, in [35], the hyperfine split- 
ting of the B c was calculated at NLL aceu- 
racy: M B . - M Ba = 65 ± 24+^ MeV. 

The ratios of electromagnetic decay 
widths were calculated for the ground statě 
of charmonium and bottomonium at NNLL 
order in [36]; for the latter the result is 
r(í7 fc -» 77)/r(T(15) -» e+e") = 0.502 ± 
0.068 ± 0.014. A partial NNLL order analy- 
sis for the absolute width of T(1S') — > e+e - 
can be found in [37] . 

Allowed magnetic dipóle transitions 
between charmonium and bottomonium 
ground states have been considered at NNLO 
in [38, 39]. The results are: T(J/ip -» 
7 ry c )= (1.5 ± 1.0) keV and r(T(15) ^7%) 
= (fc 7 /39 MeV) 3 (2.50 ± 0.25) eV, where 
the errors account for uncertainties coming 
from higher-order corrections. The width 
T(J/tjj — > 7?7c) is consistent with the PDG 
value [40]. Concerning r(T(lS') — > 7^), a 
photon energy k y — 39 MeV corresponds to 
a 7] b mass of 9421 MeV. 

The radiative transition T(1S') — > -f X 
has been considered in [41, 42]. The agree- 
ment with the CLEO data [43] is very good. 

5. Low-lying QQq 

The SELEX collaboration at Fermilab re- 
ported evidence of five resonances that may 
be possibly identified with doubly charmed 
baryons [44]. Although these findings have 
not been confirmed by other experiments 
(notably by BELLE [45] and BAB AR [46, 
29]) they have triggered a renewed theoreti- 
cal interest in doubly heavy baryon systems. 

Low-lying QQq states are expected to 
realize the hierarchy: m » mv 3> Aqcd, 
where mv is the typical inverse distance be- 
tween the two heavy quarks and Aqcd is the 
typical inverse distance between the center- 
of-mass of the two heavy quarks and the light 
quark. 
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At a scale n such that mv >/í> Aq CD 
thc cffcctivc dcgrccs of frccdom are QQ states 
(in color antitriplet and sextet configura- 
tions), low-energy gluons and light quarks. 
Since the systém shares features of heavy- 
light mesons and quarkonia, the most suit- 
able EFT at the scale fi is a combination of 
pNRQCD and HQET [47, 48]. The hypcrfinc 
splittings of the doubly heavy baryon lowest 
states have been calculated at NLO in a s and 
at LO in Aqcd /mhy relating them to the hy- 
perfine splittings of the D and B mesons (this 
mcthod was first used in [49]). In [47], the 
obtained values are: M~* — M~ = 120 ±40 

l— 'cc ^cc 

McV and Afc« - M^ hh = 34 ± 4 MeV, which 

~bb ^ bb 1 

are consistent with the quenched lattice de- 
terminations of [50, 51, 52, 53]. Chiral cor- 
rections to the doubly heavy baryon masses, 
strong decay widths and electromagnetic de- 
cay widths have been considered in [54]. 

Also low-lying QQQ baryons can bc 
studied in a weak coupling framework. Three 
quark states can combine in four color con- 
figurations: a singlet, two octets and a de- 
cuplet, which lead to a rather rich dynam- 
ics [47]. Masses of various QQQ ground 
states have been calculated with a variational 
method in [55] : since baryons made of three 
heavy quarks have not been discovered so far, 
it may be important for future searches to re- 
mark that the baryon masses turn our to be 
lower than those generally obtained in strong 
coupling analyses. 

6. High-lying QQ 

High-lying QQ states are expected to realize 
the hierarchy: m 3> mv ~ Aqcd 3> mv . 
Since we cannot measure directly mv, we do 
not know exactly where the border between 
low-lying and high-lying states lies. This dif- 
ficulty is rcflected in the literatuře. A weak- 
coupling treatment for the lowest-lying bot- 
tomonium masses (n = 1, n = 2 states and 
thc T(3S)) works well at NNLO in [13] and 
at N 3 LO in [56]. The outcome is more am- 



biguous for the fine splittings of the bottomo- 
nium IP levels in the NLO analysis of [57] 
and is positive only for the T(1S) mass in the 
N 3 LO analysis of [58]. In the weak-coupling 
regime, the magnetic-dipole hindered transi- 
tion T(2S) — > -7 775 at leading order [38] does 
not agree with the experimental upper bound 
[59] , while the ratios for different n of the ra- 
diative decay widths T(T(nS) 7I) are 
better consistent with the data if the T(1S') 
is assumed to be a weakly-coupled bound 
statě and the T(2í>) and T(3S) strongly cou- 
pled ones [60]. 

Masses of high-lying quarkonia may be 
accessed by lattice calculations. A recent 1111- 
qucnched QCD determination of the charmo- 
nium spectrum below the open flavor thresh- 
old with staggered sea quarks may be found 
in [61]. At present, bottomonium is too 
heavy to be implcmcntcd directly on the lat- 
tice. A solution is provided by NRQCD [62]. 
Since the heavy-quark mass scale has been 
intcgratcd out, for NRQCD on the lattice, 
it is sufficicnt to have a lattice spacing a 
as coarse as m 3> l/a » mv. A price to 
pay is that, by construction, thc continuum 
limit cannot be reached. Another one is that 
the NRQCD Lagrangian has to be supple- 
mcntcd by matching coefficients calculated 
in lattice perturbation theory, which encode 
the contributions from the heavy-mass cn- 
ergy modes that have been integrated out. 
A recent unqucnched determination of the 
bottomonium spectrum with staggered sea 
quarks can be found in [63]. The fact that 
all matching coefficients of NRQCD on the 
lattice are taken at their tree-level value in- 
duces a systematic error of order a s v 2 for the 
radiál splittings and of order a s for the fine 
and hypcrfinc splittings. 

At a scale [i such that mv <~ Aqcd 2> 
/i 3> mv 2 , confincmcnt sets in. Below thresh- 
old, thc cffcctivc dcgrccs of frccdom are QQ 
states (in color singlet configuration) and 
light quarks. Without light quarks, the QQ 
interaction would be simply deseribed by a 
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non-relativistic potential [64, 65]. The po- 
tential is in generál a complex valued func- 
tion admixture of perturbative terms, in- 
herited from NRQCD, which eneode high- 
energy contributions, and non-perturbative 
ones. The latter may be expressed in terms of 
Wilson loops and, therefore, are well suited 
for lattice calculations. 

The real part of the potential has been 
onc of the hrst quantities to be calculated 
on the lattice (for a review see [66]). In 
the last year, there has been some remark- 
able progress [67]. In [68], the l/m potential 
has been calculated for the first timc. The 
existence of this potential was first pointed 
out in the pNRQCD framework [64]. The 
lattice result shows that the potential has 
a 1/r behaviour, which, in the charmonium 
case, is of the same size as the 1/r Coulomb 
tail of the static potential and, in the bot- 
tomonium one, is about 25%. Therefore, if 
the l/m potential is to be considered part 
of the leading-order quarkonium potential, 
then the latter would turn out to be, some- 
what surprisingly, a flavor-dependent func- 
tion. In [69], spin-dependent potentials have 
been calculated with unprecedented preci- 
sion. In the long range, the spin-orbit po- 
tentials show, for the first time, deviations 
from the flux-tube picture of chromoelectric 
confinement [70] , which is predicted in many 
models of the QCD vacuum [71]. Spin-spin 
and tensor potentials do not show sizeable 
long-range contributions. In the data, this is 
reflected, for instance, by the smallness of the 
P-wave hyperfine splitting: the E835 exper- 
iment measures a h c mass M^ c = 3525.8 ± 
0.2 ± 0.2 McV (r < 1 MeV) [72] and CLEO 
measures M hc = 3524.4 ±0.6 ±0.4 MeV [73], 
both very closc to the center-of-gravity mass 
M c . . g .(lP) = 3525.36 ± 0.2 ± 0.2 MeV. 

The expectation value of the imaginary 
part of the potential provides the quarko- 
nium width. At the level of NRQCD, state- 
of-the art expressions for the decay widths 
may be found in [74, 75, 76], at the level of 



pNRQCD in [77, 78, 79, 80]. Charmonium 
P-wave decay widths calculated in NRQCD 
[3] and bottomonium P-wave decay widths 
calculated in pNRQCD [77, 81] are consis- 
tent with the most recent data [3]. In both 
cases, analyses have been performed at NLO 
in a s and at leading order in the velocity ex- 
pansion. 

7. Threshold states 

Most of the newly discovered resonances in 
the charmonium region are near or above 
threshold. A comprehensive review updated 
at January 2006 is [82]. For states near 
or above threshold a generál and systematic 
treatment does not exist so far. Most of the 
existing analyses rely on models (e.g., for the 
coupling with two-mesons states, the Corncll 
coupled-channel model [83, 84] and the 3 P 
model [85, 86]). This makes it difncult to 
predict with precision even the masses of the 
states, which is usually not the case for states 
below threshold. 

7.1. Candidates for cč states 

Among the recently discovered signals that 
may be aseribed to traditional cč bound 
states are the A(3940), Z(3930) and 
F(3940). 

The statě labeled A (3940) has been seen 
in e+e~ — > J/tpX by the BELLE collabora- 
tion [87] with a mass M x = 3943±6±6 McV 
and a width L < 52 MeV. In [88], it has 
been suggested a r) c (3S) interpretation for 
the statě, but then the mass would be some- 
what lower to what expected in potential 
models. The statě contributes to the large 
cross section of e+e~ — > J/tp + cč, which 
turns out to be (82 ± 15 ± 14)% of the total 
cross section e + e~ — > J/ijj + X [89]. Theoret- 
ical problems related to double charmonium 
production have been discussed in [90]. For 
recent progress see [91]. 

A statě labeled Z(3930) has been seen by 
the BELLE collaboration in 77 -> DĎ [92] 
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with a mass M z = 3929 ± 5 ± 2 MeV and 
a width r = 29 ± 10 ± 2 MeV. So far, the 
propcrtics of the statě fit well with a x C 2(2-P) 
intcrpretation. 

More enigmatic is the interpretation of 
the statě V (3940) seen by the BELLE collab- 
oration in B -> KY -> KujJ/ip [93]. The re- 
ported mass is My = 3943±11±13 MeV and 
the width is L = 87±22±26 MeV. The mass 
and width seem to fit with a radially excited 
P-wave charmonium, however the discovery 
decay process also suggests more exotic in- 
terpretations: for instance, a tetraquark in- 
terpretation has been proposed in [94] . 

Finally, at the QWG meeting of this year 
[95] and at this conference [96], the BAB AR 
collaboration reported a ncw signál seen in 
e+e~ — > tp(2S)irir. If identified with a res- 
onance, labeled V (4350), its mass would be 
M Y = 4354 ± 16 MeV and its decay width 
T = 106 ± 19 MeV. So far, no theoretical 
interpretation has been put forward. 

7.2. Candidates for exotic states: 
X (3872) and F(4260) 

Some of the newly discovered states allow for 
exotic interpretations. This is particularly 
the case for the A(3872) and the V(4260). 

The statě V (3872) has been discovered 
by BELLE in B ± -> K±X -» K+tt+tt' J/i/> 
with M x = 3872.0 ± 0.6 ± 0.5 MeV [97, 
98], and confirmed by BABAR [99, 96] that 
measures M x = 3871.3 ± 0.6 ± 0.1 MeV in 
B~ -» K-n+n-J/tP and M x = 3868.6 ± 
1.2 ± 0.2 MeV in B° -» K°n+n-J/tP [100]. 
The statě has also been seen at the Teva- 
tron in pp — > A — > n+ir^J/ip by CDF 
with a mass M x = 3871.3 ± 0.7 ± 0.4 MeV 
[101, 102] and by DO with a mass M x = 
3871.8 ± 3.1 ± 3.0 MeV [103]. BELLE has 
an upper limit on the width: T < 2.3 MeV. 
The AT (3872) has been detected in four dif- 
ferent decay modes: X — > n + ir~ J/tp, which 
is the discovery mode, X — > tt + ir~ J / ij) 
[104], A -» 7 J/V> [105] and X -» £>°Ď 7r° 



[106]. The last onc is likely to be the dom- 
inant decay mode: in [107], it was found 
that B(X -» tt+tt-J/^) > 4.2% at 90% 
C.L., which, combincd with the ratio Z? (A — > 
D°Ď°it )/B(X -» tt+tt-J/V^) = 9.4^-6 
measured in [106], gives S(A -» D Ď n°) > 
40+H%. 0ne should noticc that BELLE 
finds a thrcshold enhanccment pcak in the 
D°Ď°ir° invariant mass at 3875.4 ± 0.7Í^ 
MeV, which is 2.0 a larger than the world- 
average mass of the A (3872). The decay 
mode A -» jj/ip implies that the A (3872) 
has positive charge conjugation. Analy- 
ses of angular distributions performed by 
BELLE [108] and CDF [109] favor a spin 
parity assignment 1+. The ratio B(X — > 
Tr + Tr-Tr°J/iP)/B(X -» tt+tt-J/V') = 1.0 ± 
0.4 ± 0.3 measured by BELLE [105] sug- 
gests that the A (3872) is a mixture of isospin 
1=1 and 1 = states. The substantial 
1=1 component requires that the A (3872) 
contains uu/dď pairs in addition to hidden 
charm, which thus qualifies it as a four- 
quark statě [110]. Hence, most recently, the 
majority of theoretical studies has analyzed 
the A(3872) as a four-quark statě with J PC 
quantum numbers 1 ++ . 

Threc equivalent quark-pair configura- 
tions are possible for a four-quark statě of 
the type cčqq (q stands for a generic light 
quark). They have been all exploited in 
the literatuře. However, the resulting mod- 
els are not equivalent, because different dy- 
namics are attributed to different configu- 
rations. In [111], it is assumed that A <~ 
( c č)| = i (q<j)s=n i- e - that the dominant Fock- 
space component contains a cč pair and a 
qq pair in a color octet configuration with 
spin 1. This configuration is equivalent to 

x ~ ( c 9)5=o(9č)s=i + ( c 9)ki(9č)5=0' which 
is the molecular picture that we will discuss 

later. Calculations are based on the phe- 

nomcnological interaction Hamiltonian H = 

- Y,ij Cij T a (g>T a a <g> er. It is expected 

that decays into charmonium with light pseu- 

doscalar mesons are suppressed with respect 
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to decays into charmonium with light vector 
mesons; moreover, two neutral states madc 
of cuču and cdčd and two charged ones made 
of cučd and cdčú should exist. 

In [94], it is assumed that A ~ 

(c0)!=i(čg)i=o + (c<?)| =0 (čg)| =1 . Here ' the 
clustcring of quark pairs in tightly bound 
color triplet diquarks is not induced by a 
scale separation, like in the doubly heavy 
baryon case discussed above, but is a dynam- 
ical assumption of the model. Predictions 
are based on the phcnomenological interac- 
tion Hamiltonian H = ^V /tjj cr ® a. In 
particular, the model predicts the existence 
of two neutral states made of cuču and cdčď 
and of two charged ones. The mass differ- 
ence between the two neutral states should 
be AM X = 2{m d - m u )/cos(26) w (8 ± 3) 
McV if the mixing anglc 6 is fixed on T(X — ► 
■K+TT-iT J/tp)/T(X -> ir+ir-J/iP). Sincc 
B ± -> K±X and B° -» K°X producc cuču 
and cdčď in different amount, the mass differ- 
ence should be seen in the two processes. The 
BAB AR result [100], AM X = (2.7±1.3±0.2) 
McV, is not conclusive. Searches for charged 
partners of the A (3872) have been negative 
so far, while the 2 ++ partner may be consis- 
tent with the F(3940). In the same frame- 
work, a tetraquark interpretation of the D s 
particles has been also advanced. 

In [112, 113], it is assumed that A <~ 

(c«)L (3č)U + (^)ki(«e)s=o ~ D° Ď*° + 
D*°D°, i.e. that the dominant Fock-space 
component of the A(3872) is a D° Ď*° and 
D* D° molecule; small short-range compo- 
nents of the type (cč)g =1 (qq)g =1 ~ J/ipp,w 
are included as well. Predictions depend 
on the adopted phcnomenological Hamilto- 
nian, which typically contains, in the short 
range (~ 1/Aqcd), potential-type interac- 
tions among the quarks and, in the long 
range (~ 1/ra,), the one-pion exchange. 
The prediction T(X -» tt+tt" J/tp) w 
r(A -» n + n-n°J/ip) madc in [113] turned 
out to be consistent with the BELLE result 
[105]. However, another prediction, T(A — > 



tt+tt- J/ip) w 20T(A -» Z?°L> 7r°), is two or- 
ders of magnitude far from the data [106]. 
Not necessarily this points to a failure of the 
molecular model, but possibly to a smaller 
J/ip p component in the A (3872) Fock space. 

In [114, 115, 116], it is assumed not only 
that the A (3872) is a D° Ď*° and Ď° D* a 
molecule, but also that it is loosely bound, 
i.e. that the following hierarchy of scales 
is realized: Aq CD > > m%/M Do w 
10 MeV S> i^binding- Indeed, the binding 
energy, i^binding, which may be estimated 
from Mx — (M D ,o + M D o), is very close 
to zero, i.e. much smaller than the nát- 
ur al scale rn^/Moa- This is also the case 
when using the new CLEO determination of 
the D mass, M Do = 1864.85 ± 0.15 ± 0.20 
McV, [117]. The main uncertainty comes 
from the A (3872) mass. Systems with a 
short-range interaction and a large scatter- 
ing length have universal propertics that may 
be exploited: in particular, production and 
decay amplitudes factorize in a short-range 
and a long-range part, wherc the latter de- 
pends only on one single parameter, the scat- 
tering length. A universal property that fits 
well with the observed large branching frac- 
tion of the A(3872) decaying into D a Ď°ir a 
is B(X -» D°Ď°ir a ) w B(D*° -» D°Tr°) w 
60%. This supports the view that the diffi- 
culties met in [113] to account for this decay 
channel may be specific of that model and 
not of the molecular picturc in generál. 

The statě V (4260) has been discovered 
by BABAR in the radiative return process 
e + e~ — > jtt + tt~ J/ip with mass My = 4259± 
8tj? MeV and width T = 88 ± 23í^ McV 
[118, 96], and seen in the same process by 
BELLE with mass M Y = 4295 ± ÍOÍ^ 1 MeV 
and width T = 133 ± 26Íg 3 MeV [119, 98] 
and by CLEO with mass M Y = 4284^ ± 
4 MeV and width T = 73Í^ ± 5 McV [120]. 
CLEO has also confirmed the existence of 
an enhancement in the n + Tr~J/ip cross sec- 
tion at 4260 MeV in a measurement of di- 
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rect e + e annihilation at y/š = 4040, 4160 
and 4260 MeV [121, 122]. The V(4260) 
J PC quantum numbers are 1 . The 7r + 7r~ 
spectrum does not show signs of /o (980) or 
/o (600) [121]. BAB AR measures B(Y -> 
DĎ)/B(Y -» TT+n-J/tP) < 7.6 (w 500 for 
^(3770), which suggests an exotic interpre- 
tation for the V(4260)) [123, 96]; BELLE 
sees a strong drop and local minimum of 
the D* + D*~ invariant mass at 4260 MeV 
in e+e- -> ^D*+D*- [124, 98]. 

Many interpretations have been sug- 
gested for the V(4260): Y ~ ^(45) [125], 
Y ~ A C A C [126], Y ~ [(cs)f =0 (čš)| =0 ] P _ wave 
[127], y ~ [( Cg )| =0 (č9)| =0 ] P _ wave [128, 129] 
^ ~ XciP [130], Y ~ Xci^ [131] and Y as a 
charmonium hybrid [128, 132, 133]. In par- 
ticular, if interpreted as a charmonium hy- 
brid, one may rely on the heavy-quark expan- 
sion and on lattice calculations to study its 
propertics. Decays into £)(*)£)(*) should be 
suppressed, since they are forbidden at lead- 
ing order in the heavy-quark expansion [132] 
(in the tetraquark picture [127] the most nat- 
ural decay should be into D S Ď S ). This is in 
agreement with the upper limit on Y —> DD 
reported by BABAR and calls for an un- 
derstanding of the signál seen by BELLE in 
e + e~ — > r)D* + D*-. It is suggestive also 
that, according to lattice calculations [134], 
the lowest hybrid statě is expected to contain 
a pseudoscalar color-octet quark-antiquark 
pair and gluons, whose quantum numbers 
are thosc of the electric cloud in a diatomic 
II„ molecule, so that, indeed, the systém has 
J PC numbers 1 , like the Y. 

7.3. X and Y in the bottomonium 
region 

States analogous to the A (3872) and the 
y(4260) could also exist in the bottomonium 
region. Thcir finding could provide a con- 
firmation of their interpretations in a more 
controlled framework for the theory. Possi- 
bilities for searches of these states have been 



discussed in [135]. 

In the framework of the molecular 
picture, in [136], a 1++ B° B* and 
B* B° molecular statě is predicted at 10604 
MeV. In [129], the 1++ (bqý s=1 {bq) 3 s=0 + 
(bq)s=o(bčl)s=i tetraquark is predicted at 
10492 MeV. The lattice determination [137] 
predicts the lowest bottomonium hybrid at 
a mass of 11020 ± 180 MeV (solving the 
Schródinger equation for the II U static energy 
calculated in [134] at intermediate distances 
gives a mass of about 10750 MeV). In [129], 
the 1 [(bq)l =0 (bq) 3 s=0 ]p- wavc tetraquark 
is predicted at 10807 MeV and the 1 — 
[(fe)| =0 (6š)| =0 ] P _ wavo one at 11002 MeV. 

8. Conclusions 

A new era of heavy hadron spectroscopy has 
begun. It has been initiated experimentally 
by the B-factories, CLEO, BES, and the 
Tevatron experiments. They have provided 
measurements with unprecedented precision 
and shown evidence of new, perhaps exotic, 
states, and new production and decay mech- 
anisms. It will continue with the BES up- 
grade, the LHC and GSI experiments and 
possibly with a new tau-charm factory and 
a super B factory. The experimental renais- 
sance has been accompanied by an analogous 
one in the theory of heavy hadrons, whose 
language is rapidly becoming that one of ef- 
fective field theories and lattice gauge theo- 
ries. For many observables systematic and 
controlled expansions exist that lead to defi- 
nite theoretical rcsults. The construction of 
similar expansions for states near or above 
threshold still remains a challenge. 
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